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Introduction
Intracranial aneurysm (IA) rupture can be fatal. An estimated 5% of Americans harbor unruptured IAs [1] . Because most unruptured aneurysms are asymptomatic, they remain dormant, often being found after rupture. Early IA detection would enable monitoring and treatment to prevent rupture and its devastating sequelae. Currently, most unruptured IAs are detected incidentally by cerebral imaging performed for other reasons. However, imaging is unsuitable for general IA screening due to potential risks and high costs [2] . Even for high-risk individuals (e.g., those with a family history of IA), it is debated whether imaging is cost-effective [2, 3] . Noninvasive and inexpensive strategies such as blood testing could offer a diagnostic alternative.
Recent studies have correlated RNA expression differences in the circulating blood with vascular diseases, such as thoracic aortic aneurysm [4] . We hypothesized that circulating neutrophils carry transcriptional signatures of IAs. Our rationale was that aneurysmal lesions are associated with persistent vascular wall inflammation, which can involve neutrophil responses [5] . Results from genome wide association studies suggest that IA-associated genes are involved in endothelial function, extracellular matrix maintenance, and inflammatory responses [6, 7] . Furthermore, gene expression profiling of IA tissue has demonstrated increased presence of inflammatory cytokines and chemoattractant proteins in the aneurysm wall [8, 9] . The presence of the neutrophil proteins, neutrophil gelatinase-associated lipocalin (NGAL), and myeloperoxidase (MPO) is consistent with a direct role of neutrophils in the degeneration of the vessel wall during IA natural history [10, 11] . As circulating neutrophils have been shown to display unique expression differences in other diseases characterized by inflammation [12] , a continual interaction between neutrophils and an IA could leave imprints on the RNA expression of circulating neutrophils.
In this study, we investigated whether neutrophils have different RNA expression profiles in patients with IAs compared to patients without IAs. We recruited patients with and without aneurysms (confirmed on angiography) and paired them based on demographics and comorbidities. Next-generation RNA sequencing of circulating neutrophils was performed to identify an IA-associated expression signature in their transcriptomes. We further assessed if the IA-associated expression signature could distinguish patients with and without IA in a heterogeneous independent cohort of patients. Gene ontology analysis and physiological pathway modeling were used to determine the biological function of differentially expressed transcripts in IA. Results from this study could motivate future efforts towards developing blood-based biomarkers and shed light on the pathophysiology of IAs.
Materials and methods

Clinical study
This study was approved by our institutional review board (study no. 030-474433). Methods were carried out in accordance with the approved protocol. Written informed consent was obtained from all subjects. Between November 2013 and May 2014, 77 peripheral blood samples were collected from patients undergoing cerebral digital subtraction angiography (DSA) at our institute: 35 patients had a positive IA diagnosis and 42 had a negative IA diagnosis (controls). Positive or negative IA diagnosis was confirmed by imaging, and patient medical records were collected for pairing patients with IAs to controls. Additionally, each patient's complete blood count, which was taken within 3 months of blood collection, was recorded.
Patients undergoing cerebral digital subtraction angiography (DSA) with positive and negative intracranial aneurysm (IA) diagnoses were enrolled in this study. Reasons for the patients to receive DSA included confirmation of findings from noninvasive imaging of the presence of IAs, vascular malformations, or carotid stenosis or follow-up noninvasive imaging of previously detected IAs. All consenting patients were older than 18 years, were English speaking, and had not received previous treatment for IA. To ensure that differences in the circulating neutrophils were not influenced by inherent inflammatory conditions, we excluded patients who potentially had altered leukocyte transcriptomes; this included patients who were pregnant, had recently undergone invasive surgery, were undergoing chemotherapy, had a body temperature above 37.78˚C (100oF), had received solid organ transplants, had autoimmune diseases, and those who were taking prednisone or any other immunomodulating drugs. Furthermore, the included patients did not have any other known cerebrovascular malformations or extracranial aneurysms, including abdominal aortic aneurysms.
Sample preparation
Sixteen mL of blood was drawn from the access catheter in the femoral artery and transferred into two 8 mL, citrated, cell preparation tubes (BD, Franklin Lakes, NJ). Neutrophils were isolated within 1 hour of peripheral blood collection, as described elsewhere [12] . Cell preparation tubes were centrifuged at 1,700 × g for 25 minutes to separate erythrocytes and neutrophils from mononuclear cells and plasma in the peripheral blood samples. Erythrocytes and neutrophils were collected into a 3 mL syringe and placed into an erythrocyte lysis buffer that was made in-house. After all erythrocytes were lysed, the neutrophils were isolated by centrifugation at 400 × g for 10 min and disrupted and stored in TRIzol reagent (Life Technologies, Carlsbad, CA) at -80 oC until further processing. Neutrophils isolated in this fashion are more than 98% CD66b+by flow cytometry and contain no contaminating CD14+ monocytes [13] .
Total neutrophil RNA was extracted using TRIzol, according to the manufacturer's instructions. Trace DNA was removed by DNase I (Life Technologies, Carlsbad, CA) treatment. The RNA was purified using the RNeasy MinElute Cleanup Kit (Qiagen, Venlo, Limburg, Netherlands) and suspended in RNase-free water. After RNA isolation, the purity and concentration of RNA in each sample was measured by absorbance at 260 nm on a NanoDrop 2000 (Thermo Scientific, Waltham, MA), and 200-400 ng of RNA was sent to our university's Next-Generation Sequencing and Expression Analysis Core facility for further quality control. Precise RNA concentration was measured at the core facility via the Quant-iT RiboGreen Assay (Invitrogen, Carlsbad, CA) with a TBS-380 Fluorometer (Promega, Madison, WI), whereas the quality of the RNA samples was measured with an Agilent 2100 BioAnalyzer RNA 6000 Pico Chip (Agilent, Las Vegas, NV). RNA samples with 260/280 ! 1.9 and an RNA integrity number (RIN) ! 6.0 were considered for RNA sequencing.
Cohort creation
Before sequencing, samples from IA patients and control subjects were paired by demographics and comorbidities to control for confounding variables. First, samples that did not have acceptable RNA quality for sequencing were excluded. Next, each patient in the IA group was paired with a control subject by factors that have been reported in the literature to correlate with IA. These included (in order of decreasing importance) age, sex, smoking status (yes or no), presence of hypertension, presence of hyperlipidemia, and presence of heart disease [14] . Matching criteria also included stroke history, presence of diabetes mellitus, and presence of osteoarthritis, when possible. With the exception of age, the factors used for matching were quantified as binary data points. The clinical factors were retrieved from the patients' medical records via the latest Patient Medical History form (see S1 Fig) administered prior to imaging. Since this form in the medical record contained self-reported information, the presence of each comorbidity was corroborated with each patient's reported list of medications (e.g., hypertension with lisinopril, hyperlipidemia with simvastatin, heart disease with metoprolol, stroke history with clopidogrel, diabetes mellitus with metformin, and osteoarthritis with nonsteroidal anti-inflammatory drugs/tramadol). We were able to corroborate 84% of the clinical data points for patients' comorbidities through their medication history.
After performing the original experiments to identify an IA-associated neutrophil expression signature, we used the same clinical protocol to recruit an additional 5 patients with IAs and 5 IA-free controls into a small replication cohort (n = 10) to test whether the IA-associated signature could separate IA patients from controls in the second cohort. Blood samples and RNA were handled in the same manner as those in the original cohort, and the same RNA sequencing and data analysis protocols were followed. However, prior to sequencing, we did not control for demographics and comorbidities to obtain a more heterogeneous cohort.
RNA sequencing
RNA libraries for these samples were constructed at our university's Next-Generation Sequencing and Expression Analysis Core facility using the TruSeq RNA Library Preparation Kit (Illumina, San Diego, CA). All samples were subjected to 50-cycle, single-read sequencing in the HiSeq2500 (Illumina) and were demultiplexed using Bcl2Fastq v2.17.1.14 (Illumina). Gene expression analysis was completed using the Tuxedo Suite. Short RNA fragment data were compiled in FASTQ format and aligned to the human reference genome (human genome 19 [hg19]) using TopHat v2.1.13 [15] . Gene expression levels were calculated using fragments per kilobase of transcript per million mapped reads (FPKM) normalization in CuffLinks v2.2.1 [15] . RNA sequencing data files and processed transcript expression have been made available at NCBI's GEO (accession no. GSE106520). To evaluate the quality of RNA sequencing, we performed quality control analysis using both FASTQC [16] before alignment and MultiQC [17] after alignment.
Differential expression analysis
Differential gene expression analysis was performed in CuffDiff v2.2.1 [18] and visualized in the CummeRbund v2.7.1 package in R [15, 19] . We used CuffDiff v2.2.1 (Trapnell Laboratory) , which compared the log ratio of FPKM values in the IA and control groups against the log ratio of FPKM values of the IA group, and computed a test statistic [20] . The test statistic was calculated using the negative binomial distribution to model the variance of each sample and the square root of the Jensen-Shannon divergence to assess differences in relative abundance. The change in Jensen-Shannon divergence was then assigned a p-value, as described elsewhere [20] .
Transcripts were considered significantly differentially expressed at p<0.05. We defined an IA-associated expression signature as those significant transcripts that also had an absolute fold-change !2. Post hoc power estimation was performed following Hart et al. [21] with α = 0.05, an average coefficient of variation of 0.404 (calculated from FPKMs), and counts per million mapped reads of 38. Multiple testing correction was performed by using the BenjaminiHochberg method [22] , and q-values were reported for each transcript.
Verification by RT-qPCR
To verify expression differences measured by RNA sequencing, quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed. We verified expression difference of 5 differentially expressed transcripts (CD177, SERPING1, GBP5, IL8, NAAA) in order to conserve RNA material. These 5 transcripts were chosen because they were among the most prominently differentially expressed transcripts, i.e., they were highly abundant (FPKM>10) and significantly differentially expressed (p<0.05) with an absolute fold-change >1.5. For each transcript, oligonucleotide primers were designed with a~60˚C melting temperature and a length of 15-25 nucleotides to produce PCR products with lengths of 50-200 base pairs using Primer3 software [23] and Primer BLAST (NCBI, Bethesda, MD). The replication efficiency of each primer set was tested by performing qPCR on serial dilutions of cDNA samples (primer sequences, annealing temperatures, efficiencies, and product lengths are shown in S1 Table) .
For reverse transcription, first-strand cDNA was generated from total RNA using OmniScript Reverse Transcriptase kit (Qiagen, Venlo, Limburg, Netherlands) according to the manufacturer's instructions. Quantitative PCR was run with 10 ng of cDNA in 25 μ reactions in triplicate in the Bio-Rad CFX Connect system (Bio-Rad, Hercules, CA) using ABI SYBR Green Master Mix (Applied Biosystems, Foster City, CA) and gene-specific primers at a concentration of 0.02 μM each. The temperature profile consisted of an initial step of 95˚C for 10 minutes, followed by 40 cycles of 95˚C for 15 seconds and 60˚C for 1 minute, and then a final melting curve analysis from 60˚C to 95˚C for 20 minutes. Gene-specific amplification was demonstrated by a single peak using the Bio-Rad dissociation melt curve. As previously described [12] , GAPDH expression was used for normalization, and fold-changes between groups were calculated using the 2-ΔΔ Ct method.
Dimensionality reduction
We performed dimensionality reduction by unsupervised principal component analysis (PCA) and multidimensional scaling (MDS) using the transcriptomes of each sample in the CummeRbund and prcomp packages in R Bioconductor under the default settings [19] . For hierarchical clustering, we used the hclust package in R [24] . Dendrograms were created using Ward linkage from z-score normalized transcript levels.
Bioinformatics
We performed gene set enrichment analysis using the open-source software GO::TermFinder (Stanford University School of Medicine, Stanford, CA) [25] . This tool determined whether any gene ontology terms annotated two lists of genes (i.e., genes with higher expression in samples from patients with IAs than those without IA and genes with lower expression in samples from patients with IAs than those without IA) greater than what would be expected by chance. Significantly enriched ontologies were reported if the Q-Value was <0.05, based on significance testing using the hypergeometric distribution.
Networks of potential interactions were generated using Ingenuity Pathway Analysis (IPA) software (Qiagen Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathwayanalysis) [26] . For IPA, each gene identifier was mapped to its corresponding gene object in the Ingenuity Knowledge Base and overlaid onto a molecular network derived from information accumulated in the Knowledge Base. Gene networks were algorithmically generated based on their "connectivity" derived from known interactions between the products of these genes. Networks were considered significant if their p-scores were >21.
Results
Study participants
During the 6-month study period, we collected 77 blood samples (35 from patients with IA, 42 from control subjects) as well as angiographic images and medical records data from individuals undergoing cerebral DSA. Of the blood samples collected, 37 (16 from IA patients, 21 from controls) had a sufficient quality of neutrophil RNA for sequencing. Pairing on the basis of demographics and comorbidities resulted in a final cohort of 22 individuals, including 11 IA patients and 11 IA-free controls (Table 1 ). These samples were of sufficient quality and had an average 260/280 of 2.02 and an average RIN of 7.04 (S2 Table) . Patients with IAs had aneurysms ranging in size from 1.5-19 mm, and included 3 individuals with multiple IAs (S3 Table) 
Neutrophils have an IA-associated RNA expression signature
We performed RNA sequencing to identify differentially expressed neutrophil transcripts between 11 patients with IA and 11 paired controls. The sequencing had an average of 52.05 million sequences per sample and a 96.3% read mapping rate (% aligned) (S4 Table) . The volcano plot in Fig 1 shows neutrophil expression differences between IA patients and controls in terms of average fold-change in expression and significance level. From 13,377 transcripts with testable expression differences, we identified 258 transcripts that were significantly differentially expressed (p<0.05) between the two groups. We defined an IA-associated RNA expression signature as significant transcripts that were increased or decreased by a factor of 2 or more. From the 258 transcripts, 82 met these criteria and are shown by the red circles in Fig 1 and detailed in Table 2 . Post hoc power analysis [21] estimated that a power of 0.8 was achieved in detecting expression differences of at least 1.68 fold at α = 0.05. Therefore, our statistical criteria of p<0.05 and absolute fold-change!2 had power >0.8 in detecting this signature. https://doi.org/10.1371/journal.pone.0191407.g001 Multiple hypothesis correction identified 9 transcripts with FDR<0.20; C21orf15, CYP1B1, FLT3, XKR3, SLC12A7, PAM, IL8, FBN1, and GPC4. Although this correction effectively reduced the number of significant transcripts, it may be more beneficial to retain all 82 significant transcripts in the aneurysm-associated signature at this early stage of discovery. This prudence is warranted because the role of circulating neutrophils in IAs is unknown and may be highly complex. Genes tend to work together in intricate networks to carry out physiological and pathophysiological functions and influence complex traits. Therefore, individual genes in these systems that by themselves might not be significant (i.e., meet strict cutoffs of statistical tests that are not designed to find biologically relevant transcripts) could still play important We confirmed differential expression of 5 prominent differentially expressed transcripts (CD177, NAAA, SERPING1, GBP5, and IL8) using RT-qPCR. Fig 2 demonstrates that the expression differences between patients with and without IA are of the same direction and of similar magnitudes whether calculated from RNA sequencing or RT-qPCR. There was no statistically significant difference in fold-change of expression measured by the two methods (all p-values>0.05, Student's t-test).
Neutrophil RNA expression discriminates IA from control groups
To visualize how well neutrophil RNA expression differentiated aneurysm samples from control samples, we performed dimensionality reduction analyses by PCA and MDS using all neutrophil transcriptome data (13,377 transcripts). Fig 3A shows that the IA and control groups separated in the principal component space. Similarly, MDS also showed separation of patients with IAs and control subjects (Fig 3B) . We also found that the transcriptome data segregated the patients with IAs by the size of each patient's largest IA, forming two groups on both the PCA and MDS plots: large (!8 mm, with one exception) and small ( 5 mm) (Fig 3A and 3B) .
Using the expression signature of 82 transcripts (p<0.05 and absolute fold-change !2), we performed supervised hierarchical clustering to determine whether it could also discriminate patients with IAs from controls. On the dendrogram in Fig 3C, samples from IA and control groups are separated. Four samples from the IA group on the right were more distinct than the others. In the rest of the samples, one control (to the left) was separate, and all other samples segregated into 3 groups. Two groups contained all control samples and 1 group contained all IA samples (with 1 exception). In general, hierarchical clustering congregated 91% of the samples with their respective groups. Intracranial aneurysm signature
Expression differences are consistent with leukocyte activation
To gain insight into the biology of neutrophil RNA expression differences we performed bioinformatics analyses using gene set enrichment analysis and physiological pathway modeling. Some tightly controlled pathways can be regulated by transcripts that show small but significant changes. To avoid missing potentially significant biological insights, we performed bioinformatics analysis using all 258 differentially expressed transcripts (p<0.05) regardless of foldchange. As detailed in Table 3 , gene ontology analysis revealed that genes with higher neutrophil expression levels in the IA group were involved in defense response, leukocyte activation, stem cell maintenance, maintenance of cell number, cell activation, and stem cell development. Genes with lower expression levels in the IA group were involved in immune response and immune system process (Table 3) .
Physiological pathway modeling to identify networks of potential interactions revealed 4 networks with 7 signaling nodes forming hubs within the networks (Fig 4) . These hubs included ERK1/2 and AP1; IL8 (CXCL8), AKT and VEGF; UBC; and IFNG. IPA indicated that these networks were consistent with activation of cellular movement and cardiovascular system function (network A), lipid metabolism (network B), cell-to-cell signaling and energy production (network C), and organismal injury, cell proliferation, and tissue morphology (network D). These functions are pertinent to neutrophil responses to intravascular perturbations. [27] See S5 Table for a list of names and biological functions of the transcripts in these 4 networks.
Replication study in a new, unpaired population
To determine whether expression of the IA-associated signature could separate patients with IAs from controls in an independent cohort, we performed a small replication study. We recruited 10 additional patients (5 with IA, 5 IA-free controls) but did not control for demographics and comorbidities in order to assess the signature's potential for segregating patients in heterogeneous populations (see S6 Table for Intracranial aneurysm signature aneurysms (S7 Table) . From these patients' peripheral blood samples, we isolated neutrophils and extracted neutrophil RNA and performed next-generation RNA sequencing to obtain FPKM levels of the 82 IA-associated transcripts. To visualize how these transcripts could distinguish the IA group from the control group, we performed PCA and hierarchical clustering. With the exception of one IA sample, PCA demonstrated separation of the two groups in the principal component space (Fig 5A) . Hierarchical clustering mirrored this result, grouping the IA and control samples separately, with the exception of one IA sample (Fig 5B) .
Availability of RNA expression data
Raw RNA sequencing data files and processed transcript expression levels for the experiments described in this publication can be found at NCBI's GEO (accession no. GSE106520). Deidentified patient metadata is presented in S8 Table and can also be found at NCBI's GEO with the expression data.
Discussion
We performed transcriptome profiling on circulating neutrophils from paired patients with and without IAs and identified an aneurysm-associated signature of 82 transcripts. These transcripts discriminated patients with and without IA in hierarchical cluster analysis. In a replication study, this signature also distinguished patients with IAs from controls in an unpaired cohort. These findings present the exciting potential for developing predictive biomarkers that use this signature to identify patients with IAs.
Previous efforts in search of circulating aneurysm biomarkers
The search for circulating biomarkers for unruptured IAs has spanned more than two decades. A meta-analysis [28] of IA biomarker publications from 1994-2015 found 5 studies that linked IA presence to specific biomolecules in the blood. These studies found that serum elastase-to-A1AT ratios [29] and LPA [30] , VEGF [31] , MCP-1, IL-1β, TNF-α [32] , and GM-CSF levels [33] were elevated in patients with unruptured aneurysms. However, in the present study, we did not observe significantly higher mRNA levels for these proteins in neutrophils from patients with IA. This may be because these proteins originate from sources other than neutrophils or may not be sufficiently unique to IA to be identified by our analysis.
One common trait of the previously-identified potential proteins markers, is that they are ubiquitous, being involved in a wide range of physiological and pathological functions. Thus, in addition to IA, they may also signify various vascular diseases. For example, serum VEGF is also increased during peripheral artery stenosis [34] , plasma MCP-1 is also elevated in thromboembolic hypertension [35] , and LPA is elevated in plasma of patients with vascular dementia [36] . Perhaps for this reason, significant follow-up efforts have not been made towards subsequent biomarker development and validation on the basis of these studies.
An alternative approach to identifying potential biomarkers is to profile the transcriptome of the circulating blood, which affords screening for multitudes of potential markers and can provide insight into novel disease mechanisms that may be specific to IA. Recently, circulating RNA expression signatures of unruptured IAs were found in microarray studies. In IA patients, Jin et al. [37] found 77 differentially expressed plasma microRNAs that were involved in proliferation, apoptosis, molecular activation, transport, and differentiation; Li et al. [38] discovered 119 differentially expressed plasma microRNAs related to inflammatory responses and connective tissue disorders; and Sabatino et al. [39] identified 53 differentially expressed mRNAs from peripheral blood mononuclear cells that were related to increased cell proliferation and apoptosis. These findings indicate that IA is associated with altered expression of a large number of transcripts from various circulating blood components. Each study benefited from the use of high-throughput technology (i.e. microarray). We believe that such technologies open the door to discovery of IA-specific signatures consisting of many transcripts.
On the basis of this vision, we conducted the current study, albeit using next-generation RNA sequencing. This latest high-throughput technology affords two key advantages over microarrays used in previous investigations: (1) it offers a larger dynamic range, facilitating detection of expression differences in low-abundance transcripts; and (2) it avoids predetermined probes, allowing examination of novel RNAs (i.e., splice variants, non-coding RNAs, gene isoforms) [40] . These capabilities led us to discover a signature of 82 transcripts, containing several uncharacterized and/or non-coding RNAs, which cannot be detected on conventional microarrays. They include C21orf15, LOC100131289, FLJ27354, LOC100507387, LINC00482, C1orf226, and LOC730441. To our knowledge, these novel transcripts have not been associated with any other diseases. Further research is required to determine their functions and how they contribute to IA pathophysiology.
We also designed our study to avoid common pitfalls of expression profiling studies [37] [38] [39] . First, to avoid misclassification, we used DSA to confirm that the control subjects did not have aneurysms. Previous studies did not perform such imaging. Second, to find RNA expression differences due to the presence of an IA and not confounding factors, we paired the subjects by demographics and comorbidities. Previous studies typically used healthy subjects or spouses as controls. Third, we performed a replication study in an independent, unpaired cohort to investigate whether the signature can distinguish patients with IA in a general population. These measures helped to increase the likelihood that the discovered signature is associated with IA presence.
Circulating neutrophils and intracranial aneurysms
Intracranial aneurysm natural history is characterized by mounting inflammatory responses and progressive degradation of the aneurysmal wall, starting from initial pro-inflammatory changes in smooth muscle cells that lead to overproduction of matrix metalloproteinases (MMPs) [5, 41] . Once the aneurysmal pouch is formed, it harbors a hemodynamic environment conducive to macrophage and neutrophil infiltration into the wall, which is aided by a local increase of plasma chemokines and cytokines (IL-1β, IL-17, TNF-α) in the lumen [11, 42] . These inflammatory infiltrates massively produce MMPs to further degrade the aneurysm wall and advance its growth and rupture [5, 43] . This is evidenced by gene expression studies of human aneurysmal tissues, which found increased matrix degradation processes, inflammatory processes, and production of inflammatory cytokines and chemoattractant proteins in the IA wall [8, 9] . Furthermore, Yu et al. found that differences in DNA methylation in aneurysmal tissue act to promote inflammatory signaling through the NF-KB, JNK-STAT, and ERK/JNK pathways [44] , uncovering a potential epigenetic underpinning to dysregulated inflammation during IA.
The role of neutrophils in IA pathophysiology may be complex and is not well understood. Besides secreting MMP-9, activated neutrophils also release NGAL and MPO, which indirectly contribute to extracellular matrix degradation and cytotoxicity, respectively. Increased NGAL in aneurysm tissue modulates the activity of MMP-9, protecting it from degradation and thus aiding aneurysm progression [11] . Increased MPO, an inflammatory enzyme, elicits oxidative stress and pro-inflammatory cell signaling through production of reactive oxygen species [10] . It has been observed that plasma levels of NGAL and MPO are increased in the blood of patients with aneurysms [11, 45] . Furthermore, both of these proteins can have autocrine effects that promote neutrophil activation [46, 47] , which could lead to expression changes observed in our study. Interestingly, we found significantly increased expression of SLC22A17, which is the NGAL receptor, in neutrophils from patients with IAs. This may reflect a possible interaction with circulating NGAL. However, we did not observe significantly higher levels of NGAL or MPO in circulating neutrophils, suggesting that these proteins may originate from the aneurysm sac itself, or other circulating cells.
Further analysis of our expression data supports an association between activated circulating neutrophils and IA presence. Gene set enrichment analysis reveals that neutrophils from IA patients have higher levels of gene expression associated with leukocyte activation. This is evidenced by increased expression levels of several CD antigens from the "leukocyte activation" ontology (CD1D, CD7, CD86, and CD247) as well as CD177, a marker of neutrophil activation. IPA also reveals functions indicative of activated neutrophils, showing networks consistent with activation of cellular movement, cell-to-cell signaling, and cell proliferation. The fact that neutrophil expression data segregated aneurysms by size in PCA and MDS ( Fig  3A and 3B ) may indicate a correlation between the degree of IA advancement and neutrophil activation. Overall, our findings suggest that peripheral neutrophil activation may play a role in IA development.
Limitations
This proof-of-concept study has three main limitations. First, our IA-associated expression signature was extracted from a small sample. However, by selecting transcripts with large effect size (fold-change !2), performing confirmatory qPCR, and demonstrating separation of IAs from controls in an independent cohort, we were able to increase confidence in the discovered signature. We hope this exploratory effort lays a foundation for future studies in larger cohorts with increased statistical power. Second, all of our study subjects were recruited from patients receiving cerebral imaging at our center; thus, there may be a potential for selection bias. Limiting subjects to those receiving imaging was necessary in our study to confirm the presence or absence of IA, but using broader, randomized patient populations from multiple centers would have been beneficial. Lastly, despite patient matching between the groups to remove confounding factors (potentially contributing to the IA signature), there is a possibility that the found differential neutrophil expression in the signature could be caused by other conditions. It is known that neutrophil activation can also occur in other vascular pathologies and inflammatory states. Further research is needed to investigate the specificity of this IA-associated signature to IA.
Conclusions
Early IA detection is important for preventing rupture; therefore, blood-based diagnostics could change the landscape of IA management. In this preliminary, exploratory effort, we identified an IA-associated RNA expression signature of 82 transcripts in circulating neutrophils. Despite our small sample size, this signature demonstrated a statistical power >0.80 and was able to distinguish patients with IAs from paired controls in several analyses. These transcripts also separated patients with IAs from unpaired controls in a small population. These findings need to be validated in larger, more diverse cohorts. Ã . Ã Aneurysm size ranged from 1.5mm to 19mm. Ten of 16 IAs (63%) were classified as small (greatest diameter <7mm) and 6 (37%) were classified as large (greatest diameter !7 mm). The aneurysms were situated at various locations in the Circle of Willis, with most being around the internal carotid artery (ICA) and its branches. Two patients with IAs had a family history of the disease. In general, digital 
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